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Abstract: Preparation of manganese ferrite (MnFe;O4) nanorods by the reduction of akaganeite seeds in the presence of
oleylamine is reported. The Mn-doped B-FeOOH akaganeite seeds have been processed by the hydrolysis of metal-chloride
salts in the presence of polyethylenimine (PEI) surfactant. The hydrophobic oleylamine capped nanorods are made hydrophilic
using trisodium citrate as a phase transferring agent. The nanorods form with an aspect ratio of 5.47 and possess a high
magnetisation value of 69 emu/g at an applied magnetic field of 1.5 T. The colloidal water dispersion of nanorods exhibits
superior heating efficiency by the application of alternating magnetic field (AMF). A specific absorption rate value of 798 W/g is
achieved at an applied AMF of field strength 500 Oe and frequency 316 kHz. Further, the citrate functionalised nanorods are
capable of attaching with doxorubicin (DOX) electrostatically with a loading efficiency of 97% and the drug release is pH

responsive. The DOX loaded nanorods show a promising effect on the apoptosis of MCF-7 as experimented in vitro.

1 Introduction

Cancer is the second globally leading fatal disease. In 2012, 14.1
million cancer cases were reported by the National Cancer Institute
of America (NCI) [1] and increased to 18.1 million, with 9.6
million deaths in 2018 reported by the World Health Organization
[2]. There are many associated side effects of conventional
chemotherapy treatment of cancer and few cancer cells develop
resistance to certain drugs. To overcome these issues, the current
research is focused on the utilisation of nanotechnology in
medicine. The unique physico-chemical properties of magnetic
nanomaterials are extensively utilised in the field of drug delivery
[3], hyperthermia [4, 5] and magnetic resonance imaging [6].
However, the application of magnetic nanoparticle (MNP) in
cancer therapy is associated with many challenges and hence
theranostics are still in the preclinical stage [7]. The biological
application of MNP deals in the interface of physical, chemical and
biological sciences. MNP generally possesses shape and size-
dependent magnetic properties. Further, few of the MNP is non-
toxic to human up to a certain concentration and are biocompatible
[8,9].

Different synthesis methods have been developed to fine control
the morphology of MNPs [10-14]. In the biomedical field, most of
the investigation has been carried on the spherical MNPs [6, 15].
However, the high aspect ratio of anisotropic 1D magnetic
nanostructures, such as nanorods, nanowires and nanotubes, have
drawn considerable attention due to their superior magnetic
properties. The preparation of anisotropic iron nanorods by the
reduction of B-FeOOH was first reported by Chen et al. [16]. Since
then, extensive investigation on controlled morphology by the
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Fig. 1 Schematic illustration of the synthesis of MnFe ;04 nanorods
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reduction of FeOOH was carried out by several researchers.
Mohapatra et al. [17] reported that different lengths of B-FeOOH
nanorods could be obtained by changing the ratio of
polyethylenimine (PEI) in a hydrolysis method which further can
be converted to Fe;O4 nanorods. Microwave-assisted methods
have been adopted by Nikitin et al. [18] to synthesise Fe3Oy4
nanorods of the length of 20-30 nm by reducing B-FeOOH in the
presence of hydrazine hydrate. It is also reported that 1D
nanoparticles are advantageous in biomedical applications due to
their high surface and long circulation time [19]. Kolhar et al. [20]
reported that 1D nanomaterials had enhanced specific attachment
to the targeted site compared to spherical structures. A study by
Geng et al. [21] claims that anisotropic nanostructure possessed
longer circulation time in blood compared to spherical particles.
Some of the in vivo studies of nanorods also indicate lower toxicity
[22, 23].

Keeping in mind the advantageous properties of nanorods for
biological applications, we synthesise a novel Mn-doped -FeOOH
by the hydrolysis of chloride ions of FeCl; and MnCl, in the
presence of PEI. Then, MnFe,O,4 nanorods were prepared by the
reduction method in the presence of oleylamine, which is
schematically shown in Fig. 1. The physico-chemical properties of
the nanorods were characterised and the potential of the nanorods
in magnetic hyperthermia and drug delivery has been evaluated.

Oleylamine

200 °C
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2 Experimental section
2.1 Materials used

All the chemicals were of analytical standard and used as received.
Iron (III) chloride hexahydrate (FeCl;-6H,O, 98.9% purity),
manganese chloride (II) tetrahydrate (MnCl,-4H,0, 98%),
branched PEI solution (molecular weight 25 kDa), trisodium citrate
(TSC), oleylamine (OLA) and ethanol were purchased from Sigma
Aldrich, India. LA401 dialysis membrane-150 was purchased from
Himedia. Milli-Q water was used for the experiment.

2.2 Preparation of Mn-doped 3-FeOOH

A modified hydrolysis synthesis method was used to synthesise
Mn-doped B-FeOOH nanorods (termed as Mn-fB-FeOOH) with
PEI, as reported elsewhere [17]. Briefly, 5 ml of PEI was dissolved
in 100 ml of Milli-Q water in a 250 ml round bottom (RB) flask.
Then, 5.4 g of FeCl; (0.2 mol) and 1.258 g of MnCl, (0.1 mol)
were added in the PEI solution. The solution was heated at 80°C
for 2 h in an oil bath under constant magnetic stirring. After 2 h,
the mixture was allowed to cool to room temperature (RT) and the
precipitates were isolated by centrifugation at 7000 rpm. The
prepared Mn-B-FeOOH nanoparticles were collected, rinsed
thoroughly with a mixture of water and ethanol and dried at 45°C.

2.3 Synthesis of MnFe,0O4 nanorods

500 mg of Mn-B-FeOOH and 8 g of oleylamine (OLA) were mixed
in a 100 ml RB flask. OLA plays a dual role of reducing agent and
as a surfactant [24]. The mixture was magnetically stirred
thoroughly under the nitrogen atmosphere. Then the reaction
solution was heated to 100°C and maintained for 30 min to remove
absorbed moisture and impurities from the solvent. Then, the
temperature was raised to 200°C at a ramping rate of 5°C/min and
retained for 4 h. A dark brownish precipitate was formed. Finally,
the solution was allowed to cool to RT and precipitates were
isolated by the magnetic separation method. The separation method
was repeated for five times by adding 2 ml of hexane to disperse
particles followed by the addition of ethanol as a flocculating
agent. The OLA coated MnFe,;04 nanorods (OLA-MnFe,04) was

dispersed in hexane and stored.

2.4 Phase transfer by ligand exchange

To make the hydrophobic OLA coated MnFe,O4 nanorods
hydrophilic, OLA has been replaced by citrate on the surface of
nanorods via ligand exchange chemistry. In a typical procedure, the
nanorods were precipitated from the hexane by adding excess
ethanol and dried at 45°C. Then, 100 mg of nanorods added to the
100 ml of Milli-Q water containing 2.4 g of TSC. The solution was
continuously stirred and maintained at 70°C for 2 h. Then, the
surface-modified nanorods were isolated by centrifugation and
washed thoroughly with a mixture of water and ethanol. Finally,
the ligand exchanged TSC coated MnFe,O4 nanorods (TSC-

MnFe,0,4) were dispersed in Milli-Q water.

2.5 Sample characterisations

The XRD patterns of the samples were obtained by using an X-ray
diffractometer (D8 Advance Bruker diffractometer), which utilises
Cu-Ko radiation (1=1.5405 A). Debye-Scherrer equation d= kA/
(Bcost) was used to calculate the crystallite size of the nanorods,
where 1=1.5405 A, k=0.9, 6 = diffraction angle and = full-width
half-maximum. Microstructures of the nanorods are captured in a
field emission gun transmission electron microscope (HR-TEM
Tecnai G2, F30), which was operated at an accelerating potential of
300 kV. Magnetic measurements were recorded using vibrating
sample magnetometer (VSM Lakeshore-7410). Fourier transform
infrared (FTIR) spectra were recorded at the range of 400—4000 cm
~1 in a Shimadzu IR Prestige instrument. The fluorescence
measurements for drug release were carried out using the Hitachi
F700 fluorescence spectrometer. X-ray photoelectron spectra
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(XPS) were recorded in the PHI Versaprobe III XPS instrument.
Calorimetric magnetic hyperthermia experiments of the nanorods
were performed using a 4.2-kW Ambrell EASYHEAT 8310.

3 Results and discussion
3.1 XRD, FTIR and thermogravimetric analysis (TGA)

The XRD patterns of Mn--FeOOH and OLA-MnFe,0,4 nanorods
are shown in Fig. 2a. The XRD patterns of Mn-B-FeOOH reveals
the prominent peak positions at 26 (degree) values of 12.17, 16.53,
26.91, 35.23, 39.34, 46.51, 52.47, 55.73, 61.95, and 64.66
corresponds to crystallographic planes (110), (200), (310), (211),
(420), (411), (600), (521), (710), and (541), respectively, which are
matched with the tetragonal phase of akaganeite (JCPDS card no
34-1266) [25]. The diffraction peaks found for OLA-MnFe,O4 at
26 values of 30.22, 35.51, 43.20, 57.04, and 62.84 correspond to
crystallographic planes (220), (311), (400), (422), (511), and (440),
respectively. This suggests that MnFe,O4 forms in the spinel
crystal structure (JCPDS card no 89-4319). Further, it reveals that
Mn-B-FeOOH completely reduces to MnFe;O4. The crystallite
sizes of Mn-f-FeOOH and OLA-MnFe,O, are found to be 13 and
15 nm, respectively. To confirm the metallic state of the Mn and
Fe, XPS analyses were carried out. The survey spectrum of Mn--
FeOOH (supplementary Fig. S1) evidences the presence of
Mn2py;, Mn2ps,n, Fe2pyp, Fe2psp, Ols, and Cls. The Ols
spectrum can be well deconvoluted into two peaks at 528.9 eV for
metal-oxygen bond and 530.3 eV for the hydroxyl group in
akaganeite. The Mn2p spectra can be deconvoluted into four sub-
peaks of Mn3" and Mn*" which proves the presence of Mn on
akaganeite. The XPS of OLA-MnFe,O4 (supplementary Fig. S2)
confirms the presence of Fe, Mn, O, and C. The Cls peak at 284.4
eV is originated from the organic OLA compounds on the surface
of the nanoparticle. Two major peaks exhibited by Mn2p at binding
energies of 641.31 and 653.06 ¢V correspond to Mn2p;, and

Mn2ps,, respectively, indicating the Mn2" oxidation state. The
energy difference of 11.75 eV is due to the spin-orbital splitting
exhibited by Mn2p. No additional satellite peak is observed in
Mn2p spectra implies the spinel phase formation of MnFe,Oy.
Fe2p spectra show two major components Fe2p3,, and Fe2p;,, at
binding energies of 710.91 and 724.86 eV, respectively. This is due
to the spin-orbital coupling between 3d electrons and 2p hole.

The FTIR spectra of Mn-B-FeOOH, OLA-MnFe,0y4, and TSC-
MnFe,O4 are shown in Fig. 2b. In akaganeite spectra, the

vibrational band at 3242 cm™! corresponds to the N-H bond in
PEL The band at 2970 cm™! corresponds to the C—H stretching
vibrations of an amine. The NH, wagging and scissoring of amine

appear at 1460 and 1606 cm™!, respectively. The bands at 437 and

655 cm™! represent the metal oxide stretching bonds Fe-O and
Mn-O [26]. In the FTIR spectra of OLA-MnFe;0,, the peaks at

2933 and 2839 cm™! are assigned to vibrations from the CH, group

of an amine. The vibrational bands at 1321 and 1631 cm™! are

attributed to the NH bending and NH, scissoring, respectively. The

band at 1043 cm™!' assigned to the CH in-plane bending of
oleylamine [27]. This proves the oleylamine coating on the surface
of nanorods. Metal oxide (M-O) vibrational band is observed at
565 cm™!. In the FTIR spectra of TSC-MnFe,0y, the broad peak at
3310 ecm™! is due to the O-H stretching. The C-H bending
vibrations of sodium citrate are visible at 2987 and 2924 cm™!. The
sharp peak at 1618 cm™! is appeared due to the C=0 stretching
[28]. These facts prove the successful ligand exchange and surface
modification of nanorods by TSC.

The weight losses with temperature profiles have been
investigated for nanorods by the TGA (Fig. 2c¢). TGA of Mn-§-
FeOOH shows an initial weight loss of 9.6% up to 150°C as a
result of the elimination of absorbed water molecules on the
surface of the nanoparticles. The gradual weight loss up to 300°C
and plateau occurs is due to the phase transition of akaganeite into
MnFe,04 [29]. The weight loss of OLA-MnFe,O4 occurs in three
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(a) XRD pattern of Mn-B-FeOOH and OLA-MnFepO4, (b) FTIR spectra of nanorods at different stages and, (c) Weight loss profile of the nanorods with temperature

stages. 2.8% of weight loss up to 150°C is due to the dehydration
of adsorbed water molecules. Weight loss in the range of 150—
450°C is due to the degradation of surface grafted oleylamine into
a carbonaceous by-product. After 450°C, the weight loss is
attributed to the oxidative phase transformation of ferrite phases.
The TGA proves the formation of MnFe,O4 and surface grafted

with oleylamine.

3.2 Microstructural analysis

The nanorod morphology of Mn-B-FeOOH and OLA-MnFe,04 is
clearly seen in the TEM images (Fig. 3). The Mn-doped akaganeite
have a length of 15+0.8 nm and a width of 2+ 0.6 nm, whereas
OLA-MnFe,04 nanorods have a length of 16+ 0.7 nm and a width
of 3+£0.2 nm. OLA-MnFe,O4 nanorods form with an average
aspect ratio of 5.47. It is observed that when akaganeite reduced to
form MnFe,O,4 nanorods, the dimension is slightly increased;

however, the morphology remains intact.
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3.3 Magnetic properties analysis

The magnetisation of OLA-MnFe,04 nanorods with respect to the
applied magnetic field (M—H curve) is shown in Fig. 4. The
nanorods exhibit ferromagnetic behaviour with a saturation
magnetisation (Ms) value of 69.3 emu/g and coercivity (Hc) of 116

Oe. The nanorods possess substantially higher Ms value as
compared to the few earlier reported value [30, 31]. Mohapatra et
al. [17] reported Ms value of 50 emu/g for Fe;O4 nanorods of a
length of 30 nm, whereas Nikitin ef al. [18] reported Ms value of
54.4 emu/g for Fe;04 nanorods of a length 21 nm. The Ms value of
bulk MnFe,Oy4 is 80 emu/g [32]. The reduction in Ms value of the
nanorods as compared to the bulk value may be due to (i) weak
exchange coupling between bulk atoms as there are a large fraction
of surface atoms in the nanoparticles, (ii) the spin canting effect of
the surface atoms, and (iii) the presence of surfactant oleylamine
molecules which is diamagnetic in nature. Theoretically, all the Fe
ions are trivalent (Fe>*) and Mn ions are divalent (Mn2") in spinel
MnFe,04 with a magnetic moment of 5pug per formula unit
according to Néel model. However, it is evident from XPS that
there is the presence of Mn3" in the nanorods, which might be
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Fig. 3 HRTEM images of
(a), (b) Mn-B-FeOOH and, (c), (d) OLA-MnFepO4 at different magnifications
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Fig. 4 M-H curve of OLA-MnFe;04 measure in RT

counterbalanced by Fe?" ions or some vacancies, which leads to
canted spins. Such observation is reported by Sawatzky et al. [33]
in spinel ferrites via Mossbauer spectra. The initial slope of the M—
H curve is very steep may be due to the finite size and surface
effect of the nanorods. This explains the particles are single domain
in nature with negligible coercivity and remanent magnetisation
suitable for biomedical applications [34-37]. In general, elongated
particles are highly sensitive towards the applied magnetic field
than the particles with lower aspect ratio and the coercivity
increases with the decrease of aspect ratio [38]. This is another
major reason for the use of nanorods in magnetic field-based
applications such as hyperthermia.

3.4 DOX loading and release studies

A DOX stock solution was prepared by dissolving 5 mg of DOX in
10 ml of Milli-Q water at a concentration of 0.5 mg/ml and stored
at 4°C in the deep freezer for use. To obtain the DOX calibration
graph, the peak area obtained from fluorescence data for each
concentration is plotted against the respective concentration.

The DOX loading studies were carried with TSC-MnFe,04. All
the experiments were conducted in a dark environment for
preventing photodegradation of DOX. 10 mg of nanorods was
incubated with 50 ul of DOX solution in a vial and the total
volume was made up to 3ml by adding Milli-Q water. The
nanorod-DOX solution was kept in a shaker for 24 h at RT. The
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cationic drug DOX getting loaded on the nanorods by electrostatic
attraction of the O~ group of trisodium citrate and daunosamine
group of DOX as schematically shown in Fig. Sa. After incubation,
the nanorods were isolated by the magnetic separation method and
the fluorescence spectra of supernatant were measured at an
excitation wavelength of 480 nm and emission in the range of 500—
650 nm. The loading efficiency was calculated comparing with the
standard curve and the loading efficiency was found to be around
97%. The high loading efficiency can be attributed to the high
surface area of the rod-shaped nanoparticles, effective surface
functionalisation of the nanorods with TSC through ligand
exchange and efficient electrostatic attachment.

The release profile of drug from DOX loaded TSC-MnFe,0y,
was investigated in the physiological pH of 7.4 and acidic pH of
5.5 to mimic the physiological environment of normal cells and the
endosomal environment of cancer cells, respectively. The DOX
loaded nanorods were dispersed separately in 1 ml of phosphate
buffer solution (PBS) of pH 7.4 and acidic PBS (diluted with HCI)
of pH 5.5 and transferred into two separate membranes. The
sample loaded membranes were kept immersed in 20 ml of PBS
buffer solution with a steady stirring of 150 rpm. At different time
intervals, the 3 ml of PBS solution was collected from the 20 ml
bath for drug release analysis and fresh 3 ml PBS buffer was added
subsequently into the solution. The percentage of cumulative
release was calculated from the intensity of the fluorescence
spectrum. The drug release profiles up to 60 h of release in two
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different pH conditions are shown in Fig. 5h. Sustained drug
release patterns are observed in both pH environments; however,
the release rate is higher in the acidic environment. This suggests
the drug release is pH stimulated, which may be beneficial for drug
release at intercellular compartments of cancerous cells. Two-stage
drug release patterns are observed. In the first 10 h, a burst release
like a profile of drug with 11.93 and 17.16% release are seen at pH
7.4 and pH 5.5, respectively, which may be due to the surface
absorbed drug molecules [39]. According to the Higuchi model,
this drug release may be diffusion-controlled irrespective of the
different pH [40]. In acidic pH, the negative ions present in the
trisodium citrate tend to accept more H* ion, which might weaken
the electrostatic attraction and hence more DOX release [41]. Such
pH sensitive release has been reported in different drug delivery
systems [42, 43].

3.5 Magnetic hyperthermia study

The magnetic hyperthermia efficiency depends on the material
properties such as morphology, size, colloidal stability and
magnetic properties. When MNPs are exposed to an alternating
magnetic field (AMF), the heat dissipation occurs via hysteresis
loss and loss due to magnetic moment relaxation. Multiple domain
particles dissipate heat through hysteresis losses, whereas particles
in a single domain and superparamagnetic regime dissipate heat by
Néel and Brownian relaxations. When superparamagnetic particles
are exposed to AMF, the heat is dissipated by the rotation of
moments of the particles referred to as Néel relaxation, whereas the
physical rotation of particles with a change in the field within a
medium is referred as Brownian relaxation [44].
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The heat generated from MNP colloids is quantified by specific
absorption rate (SAR) which is calculated using the following
formula:

1 AT
SAR = Cyarer X EXE ey

where Cyaer 1S the specific heat of water, which is equal to 4.2J g

~loC™1, m is the mass of the nanoparticles in aqueous suspension
and AT/At is the initial slope of the temperature—time curve.

The heating profiles of nanorods at two different concentrations
of 1 and 0.5 mg/ml under applied AMF of field strength 300, 350,
400, 450, and 500 Oe and fixed frequency of 316 Hz are shown in
Fig. 6. The increase in the hyperthermia temperature of 42—45°C
was attained by both concentrations. The heat generation is found
to be both concentrations as well applied field strength dependent.
Hyperthermia temperature is attained faster in the suspension of a
higher concentration than the lower concentration at the application
of the same field strength. The calculated SAR values are tabulated
in Table 1. The highest SAR values of 798 W/g were obtained for
the concentration of 1 mg/ml at an applied field of 500 Oe. The
observed SAR values due to the increased shape anisotropy are
comparatively higher compared with few earlier reports on the
ferrite nanorods [18, 45-48], which are tabulated in supplementary
information (Table S1). Moreover, the SAR values in nanorods are
superior to reported spherical shape nanoparticles. These results
inferred that shape anisotropy of the particle influence the magnetic
hyperthermia heating performance.
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Table 1 SAR values of nanorods for two concentrations at
different ac applied field

Applied field, Oe

SAR values, W/g

1 mg/ml 0.5 mg/ml
300 415 302
350 466 387
400 552 423
450 630 506
500 798 618

=
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Fig. 7 Cytotoxicity of MCF-7 cells

(a) Histogram plot, (b) Optical image of control cells, (¢) Optical image of cells after
treated with nanorods (NR) at conc. of 200 pg/ml and, (d) Optical image of cells after
treated with DOX loaded nanorods (DOX-NR) at conc. of 200 pug/ml

3.6 In-vitro cytotoxicity study

Standard MTT assay was performed for cytotoxicity evaluation of
bare and DOX loaded nanorods in human breast cancer (MCF-7)
cells. 1 x 10% cells/well were grown in 96 well plates supplemented
with DMEM media, containing 10% foetal bovine serum and 1X
antibiotic antimycotic solution. The cells were incubated in a CO,
incubator at 37°C. The cells were aspirated with PBS twice and
treated with 200 pl of DMEM solution containing nanorods of
different concentrations and incubated for 24 h. After incubation,
the medium was washed from cells. Then, 50 ul MTT solution
(concentration of 0.5 mg/ml of PBS) was added and incubated for
another 4 h. After 4 h of incubation, the MTT containing medium
from the cells was removed and washed using 200 pl of PBS. The
absorbance was measured by a microplate reader at 570 nm by the
development of colour intensity from formazan dye and the cell
viability % (average of triplicate data) was calculated using the
following equation:

Pasort
Cell viability % = w x 100 )

absorbance

where Cypsorbance 15 the absorbance of only cell line and Pjpgorpance
is the absorbance from the particle loaded well.

The MCF-7 cell viability against TSC-MnFe,O4 nanorods
(NRs) and DOX loaded nanorods (DOX-NRs) at different
concentrations of 25, 50, 100, 150, and 200 pg/ml is shown in
Fig. 7. Both bare and drug-loaded particles show significant cell
death with an increase in concentration. The exact % cell viability
triplicate values and microscopic images of MCF-7 cell with and
without drug-loaded nanorods at different concentrations of the
nanomaterial are given in supplementary Figs. S3, S4 and Tables
S2, S3. The nanorods impose oxidative stress on the cell wall.
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Further, there may be leaching out of the metal ions such as Fe3*,
Fe?*, and Mn?" in the acidic intercellular environment, which is
well known for the generation reactive oxygen species and as a
result there is cell apoptosis [49]. The apoptosis is amplified while
treating with DOX loaded nanorods may be due to combining the
effect of enhanced DOX release from the nanoparticles in acidic
pH and release of metal ions. Also, the pKa value of trisodium
citrate is ~3.05 and hence in the acid environment of cancer cells,
the electrostatic interaction between TSC and DOX gets weak,
leading to more release of DOX and promotes more apoptosis. The
overall cell death percentage at the material concentration of 200
pg/ml with and without DOX is found to be ~46 and 32%,
respectively, which suggests that there is controlled apoptosis when
treated with MnFe,O4 nanorods as a therapeutic carrier. The
optical images of MCF-7 incubated with NR (in supplementary
Fig. S3) do not show many changes, whereas optical images (in
supplementary Fig. S4) of DOX-NR incubated MCF-7 cells show
significant changes in the morphology of cells and clear spherical
patches are visible corresponds to cell apoptosis.

4 Conclusion

Monodispersed MnFe,O4 nanorods with an aspect ratio of 5.47
form when Mn-doped B-FeOOH thermally decomposed in the
presence of oleylamine as a reducing agent. The hydrophobic
nanorods can be made hydrophilic by replacing OLA with TSC
through the ligand exchange mechanism. The citrate functionalised
nanorods are attached to the DOX molecule efficiently via
electrostatic interaction. There is sustained and pH responsive
release of DOX from the DOX loaded nanorods. MnFe,Oy4

nanorods possess superior magnetic properties and colloidal
stability and show efficient inductive heating capability. The SAR
values are found to be dependent on the concentration of the
nanoparticles in the dispersion as well on the field strength of
AME. Furthermore, this method of preparation of monodispersed
MnFe,;0,4 nanorods is very simple and shows promising results

towards hyperthermia and in-vitro cytotoxicity of the MCF-7
cancer cell.
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